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1.1  Experimental design   
Light exposure experiments were conducted to (i) characterize the spectral (wavelength) 
dependence of the photomineralization yield (φPM,λ) for permafrost dissolved organic carbon (DOC), (ii) 
quantify the radiocarbon (14C) and stable carbon (13C) isotopic compositions of carbon dioxide (CO2) 
produced from photomineralization of permafrost DOC, and (iii) quantify changes in the chemical 
composition of permafrost DOC from light exposure.  To test for controls on the φPM,λ and the chemical 
composition of DOC photomineralized to CO2, each light exposure experiment was conducted using 
DOC leached from five permafrost soils varying in DOC composition and iron concentration (Table S1, 
Figure S1; Ping et al., 1998; Trusiak et al., 2019).  The study objectives required exposing permafrost 
DOC to different sources and doses of light.  For objectives (i) and (ii), DOC from permafrost soils 
collected in 2018 were exposed to light using custom-built high-powered (≥ 100 mW), narrow-banded (± 
10 nm) light-emitting diodes (LED).  The φPM,λ (objective (i)) was measured upon exposure of permafrost 
DOC to LEDs with peak emission at 278, 309, 348, 369, and 406 nm (Figure S1; see Methods).  For 
objective (ii), the 14C and 13C compositions of dissolved inorganic carbon (DIC) in the permafrost 
leachates were measured upon exposure to LEDs at 309 and 406 nm alongside dark controls, and 
compared to the 14C and 13C compositions of DOC leached from the permafrost soil (Figure S1; see 
Methods).  For objective (iii), we used permafrost soils collected in 2013 and 2015 from the same sites as 
in 2018 to quantify shifts in major functional groups of permafrost DOC by 13C nuclear magnetic 
resonance (NMR) upon exposure to broadband light relative to dark controls (Figure S1).  We also 
quantified φPM,λ following the same exposure of these permafrost DOC samples to broadband light 
(Figure S1).  Directly measured φPM,λ spectra for permafrost DOC from objective (i) were used to 
calculate surface water rates of photomineralization as a function of increasing permafrost DOC in the 
DOC pool in surface waters.   
1.2  Preparation and characterization of permafrost leachates from soils 
Here we describe how permafrost leachates were prepared from soils collected in the summer of 
2018 (Figure S1), including the precautions taken to minimize 14C contamination during soil collection 
and while leaching DOC from those soils.  We also describe the methodology for each chemical analysis 
conducted on the permafrost leachates prepared from soils collected in 2018.  
1.2.1  Field and laboratory precautions to minimize 14C contamination   
Personnel digging soil pits and collecting soil samples wore new Tyvek protective coveralls 
(DuPont) and powder-free nitrile gloves (Kimberly-Clark) that were rinsed with deionized water 
(Barnstead E-Pure and B-Pure system) prior to soil collection.  Soil samples were collected using a chisel 
that was rinsed with deionized water.  Soil samples were quintuple-bagged using two Ziploc bags and 
three clear plastic bags so that a bag layer could be shed each time a sample was transferred to a new 
storage container (e.g., from a cooler to a freezer).  Between shipments and experiments, soil samples 
were stored in freezers in 14C-free facilities. 
In the laboratory, the frozen soils were broken up into smaller pieces using a chisel that was 
rinsed with MilliQ water (Millipore Simplicity ultraviolet, UV, system) in between each use.  New 5 
gallon high-density polyethylene (HDPE) buckets with lids (Uline, Inc.) were used to leach the 
permafrost DOC.  Those buckets were cleaned in between each use by rinsing 30 times with MilliQ 
water, soaking overnight in MilliQ water, and then rinsing again 30 times with MilliQ water.  Each 
permafrost leachate was filtered through a sieve that was rinsed 30 times with MilliQ water in between 
use, and through new, MilliQ-rinsed high-capacity cartridge filters.  
A leach test was conducted to quantify potential DOC contamination from the HDPE buckets by 
filling two HDPE buckets with five liters of MilliQ water covered with a HDPE lid.  Buckets were 
leached at 25 °C for 24 hours.  DOC was analyzed on the initial MilliQ water added to the buckets and on 
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the water in each bucket after 24 hours using a Shimadzu TOC-V analyzer.  The HDPE buckets leached 
on average 4.8 ± 2.2 µM DOC into solution during the 24-hour leaching (± 1 standard error, SE; n = 2; 
leaching rate of 58 ± 26 µg DOC L-1 per day).  If each permafrost leachate was in a HDPE bucket for 2 
days, and the DOC leached from plastic buckets were fossil (i.e., Δ14C = -1000‰), then DOC leached 
from the HDPE buckets would result in 14C-depletion of the permafrost DOC by -3.6 ± 1.1‰ (± 1 SE; n = 
5 permafrost leachates).  Thus, any 14C contamination from using the 5 gallon HDPE buckets to leach 
DOC from the permafrost soil was within the instrumental precision of the radiocarbon analyses (≤ 6‰; 
see Methods).   
1.2.2  Permafrost soil collection   
Soil cores were collected at Imnavait wet sedge tundra using a SIPRE corer, and the permafrost 
layer (1.0 – 1.3 m below the surface) was separated from the soil core using a knife (Table S1).  At the 
other four sites, 1 m x 1 m x 1 m soil pits were excavated using a jack hammer, shovels, and pickaxe 
(Table S1).  Soil sampling at each site took place over the course of one day.  From each site, an equal 
mass of soil (~2.5 kg) was placed in four Ziploc bags (1 gallon) and then each soil sample was quintuple-
bagged.  Following collection, soil samples were immediately transferred to coolers in the field and then 
stored in freezers at the Toolik Lake Field Station for ≤ 4 weeks until overnight shipment on dry ice to the 
Woods Hole Oceanographic Institution (WHOI).  All soil samples were frozen upon arrival at WHOI and 
immediately placed into 14C-free freezers until further use.   
1.2.3  Permafrost leachate preparation and characterization   
DOC was leached from each permafrost soil at WHOI as described in the following five steps.  
First, frozen soil in one or two Ziploc bags was broken into smaller pieces inside the bag using a clean 
chisel.  Second, 0.8 to 3.3 kg of frozen soil was transferred to a new Ziploc bag (1 gallon) and then 
thawed in a chest cooler at 4 °C for up to 20 hours (Table S6).  Third, the thawed permafrost soil was 
added to five liters of MilliQ water in a MilliQ-rinsed HDPE bucket (5 gallon).  Each bucket was covered 
with a HDPE lid and allowed to leach at 4 °C for 24 hours.  Fourth, the permafrost leachate was filtered 
through a sieve with 60 µm nylon mesh screening (Component Supply) into a new, MilliQ-rinsed 5 gallon 
HDPE bucket and then placed in the chest cooler at 4 °C for ≤ 1 day to allow suspended particles to settle 
before additional filtration.  Fifth, the 60-µm filtered leachate was filtered through 10 µm (Geotech 
Environmental Equipment, Inc.) and then finally through 0.2 µm (Whatman), MilliQ-rinsed high-capacity 
cartridge filters.  Four liters of the final 0.2-µm filtered permafrost leachate (now referred to as permafrost 
leachate) were then transferred to a precombusted (450 °C; 4 h) 4 L glass amber bottle and kept at 4 °C 
prior to 14C and 13C analyses and the light exposure experiments.  The remaining one liter of the 
permafrost leachate was transferred to amber HDPE bottles for water chemistry analyses (excluding 14C 
and 13C analyses).   
Water chemistry analyses (pH, specific conductivity, iron, DOC, and cations) were performed on 
each of the permafrost leachates, as previously described (Kling et al., 2000; Cory et al., 2013).  
Dissolved total and reduced iron concentrations were quantified using the Ferrozine method (Stookey, 
1970) immediately after permafrost leachate preparation (detection limit = 1 µM; coefficient of variance, 
CV, < 2% on triplicate analyses; Cory et al., 2015).  DOC concentrations were measured using a 
Shimadzu TOC-V analyzer (CV < 5% on duplicate analyses; Kling et al., 2000).  Water samples were 
analyzed for cations on a Thermo Scientific 2 High-Resolution inductively coupled plasma mass 
spectrometer (ICP-MS; CV < 2% on triplicate analyses; Linge & Jarvis, 2009).  Chromophoric and 
fluorescent dissolved organic matter (CDOM and FDOM, respectively) were measured for each 
permafrost leachate (Cory et al., 2014), and then the spectral slope ratio (SR), specific UV absorbance at 
254 nm (SUVA254), and fluorescence index were calculated as previously described (Cory et al., 2014). 
1.3  Photon fluxes and rates of light absorption during LED experiments to characterize apparent 
quantum yield spectra   
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Solar irradiance spectra were measured from each ≥ 100 mW, narrow-banded (± 10 nm) LED 
(LG Innotek 6060 Series) at 278, 309, 348, 369, and 406 nm.  The solar irradiance spectrum (W m-2 nm-1) 
was measured in triplicate at the same height as the flat bottom of the 12 mL quartz vial and in each of the 
four positions of the inner aluminum housing with a radiometer over wavelengths from 250 to 500 nm 
(NIST-Calibrated Black Comet Spectral Radiometer, StellarNet, Inc.).  Each spectrum (W m-2 nm-1) was 
converted to a photon flux spectrum (mol photon m-2 s-1 nm-1).  The total photon flux spectrum during the 
light exposure period (E0,λ; mol photon m-2 nm-1) was calculated as the average of triplicate measurements 
multiplied by the light exposure time.  The photon dose was calculated as the sum of the total photon flux 
spectrum across all wavelengths (mol photon m-2).  
A cross-validation of the photon flux estimated by radiometry was conducted using nitrite 
actinometry (Jankowski et al., 1999).  There was a < 10% difference in the photon flux of the 348-nm 
LED determined by actinometry versus radiometry (described above).  Thus, the photon flux spectra from 
radiometry measurements were used to calculate the amount of light absorbed by CDOM in the quartz 
vials during each light exposure period.   
For each vial exposed to a LED, the amount of light absorbed by CDOM (Qaλ; mol photons m-2) 
was calculated following: 
 
Qa,λ= E0,λ 1 - e




dλ                                                           (1) 
 
where λmin and λmax are the minimum and maximum wavelengths of light absorbed by CDOM and E0,λ is 
the total photon flux spectrum reaching the quartz vial from an LED during the light exposure period (± 
10 nm; n = 3; mol photon m-2 nm-1).  aCDOM,λ was calculated as the geometric mean of the light-exposed 
and dark control absorption coefficients of CDOM to account for loss of light-absorbing DOC (i.e., 
photobleaching of CDOM) during the light exposure period.  We assumed that the pathlength (z) was 
equivalent to the height of each quartz vial (10 cm) and that aCDOM,λ/atot,λ was equal to 1 given that CDOM 
was the main constituent absorbing light at UV and visible wavelengths in the filtered permafrost 
leachates (Cory et al., 2014).  The amount of light absorbed by CDOM at each wavelength was calculated 
as the average ± 1 SE of experimental replicate vials (n = 4).  There was < 5% CV in the amount of light 
absorbed by CDOM between the experimental replicate vials (n = 4).   
The irradiances received by permafrost DOC were chosen to achieve similar amounts of light 
absorbed by CDOM during the light exposure period at each wavelength and between all permafrost 
leachates.  Thus, irradiances were chosen by taking into account that concentrations of aCDOM decrease 
with increasing wavelength and permafrost leachates had different aCDOM concentrations (Table S6).  
Photon doses ranged from 2 mol photon m-2 at 278 nm to 6 mol photon m-2 at 406 nm, resulting in an 
average of 2.40 ± 0.04 mol photon m-2 of light absorbed by CDOM at all wavelengths for four of the five 
permafrost leachates (± 1 SE; n = 20).  The exception was the Sagwon moist acidic tundra permafrost 
leachate, which had no detectable CO2 production at any wavelengths after CDOM absorbed 2.40 ± 0.04 
mol photon m-2 of light.  Thus, the Sagwon moist acidic tundra permafrost leachate was exposed to the 
LEDs for 30 hours with photon doses ranging from 5 to 28 mol photon m-2, which resulted in an average 
of 4.04 ± 0.22 mol photon m-2 of light absorbed by CDOM at all wavelengths (± 1 SE; n = 5).  The 
photon doses received by each permafrost leachate and amounts of light absorbed by CDOM in each 
permafrost leachate during LED exposure at 309 nm are reported in Table S3.  
1.4  Photomineralization rate calculations   
First, to quantify the effect of the shallower slope of the φPM,λ spectrum on photomineralization 
rates, we calculated photomineralization rates in Imnavait Creek using the average φPM,λ spectrum of the 
DOC in this surface water (Cory et al., 2014, 2015; Figure S5) versus the φPM,λ spectrum of Imnavait 
moist acidic tundra permafrost DOC (Figure 1a).  Water column rates of photomineralization (mmol C m-
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2 d-1 nm-1) were calculated in Imnavait Creek as the product of two spectra: the rate of light absorption by 
CDOM throughout the water column (Qa,λ; mol photon m-2 d-1 nm-1) and the apparent quantum yield for 
photomineralization (φPM,λ; mmol C mol photon-1 nm-1): 
 
Rate of DOC photomineralization = Qa,λφPM,λ
λmax
λmin
dλ                                         (2) 
 
Water column rates of light absorption by CDOM were calculated using the average aCDOM,λ in Imnavait 
Creek (m-1; Cory et al., 2014, 2015), the average depth of Imnavait Creek (0.5 m), and the daily incoming 
photon flux spectrum (mol photon m-2 d-1 nm-1) measured on 21 June 2018 at the nearby Toolik Lake 
Field Station.  Thus, differences in water column rates of photomineralization were due only to the φPM,λ 
spectrum (Figure 3a).   
Second, to estimate the effect of permafrost DOC on photomineralization rates in arctic surface 
waters, we quantified photomineralization rates in Imnavait Creek, Kuparuk River, and Toolik Lake 
(representative surface waters in the Arctic; Cory et al., 2014) if permafrost DOC made up 0, 5, 10, 15, 
20, and 25% of the total DOC pool.  Photomineralization rates were estimated by ‘mixing’ (in the stated 
proportions of 0-25%) the φPM,λ spectra for each of the five permafrost DOC samples in this study (Figure 
1a) with the φPM,λ spectra for DOC in each of the three surface waters (Cory et al., 2014; Figure S5).  For 
each calculation, a ‘mixed’ φPM,λ spectrum was generated using a mixing equation (φPM-mixture,λ), where X 
is the fraction of permafrost DOC comprising the DOC pool (0-25%):   
 
        φPM-mixture,λ = (φPM-permafrost,λ * X) + (φPM-surface water,λ * (1 – X))          (3) 
 
Water column rates of photomineralization (mmol C m-2 d-1 nm-1) were calculated as described 
above in the example for Imnavait Creek using the respective water column depth and average aCDOM,λ for 
each surface water (Cory et al., 2014, 2015), and the daily incoming photon flux spectrum measured on 
21 June 2018 at the Toolik Lake Field Station; described below).  There were 90 photomineralization 
rates calculated: 5 permafrost φPM,λ spectra x 3 surface water φPM,λ spectra x 6 fractions of permafrost 
DOC in the DOC pool.  The percent change in water column rates of photomineralization relative to no 
permafrost DOC is shown for each surface water DOC in Figure 3b as the average ± 1 SE of the 
calculated rates (n = 5 for each fraction of permafrost DOC in the DOC pool).  The percent change in 
water column rates of photomineralization relative to no permafrost DOC in the surface water DOC pool 
is reported in the main text as the average ± 1 SE of the calculated rates in all three surface waters (n = 15 
for each fraction of permafrost DOC in the DOC pool).  The variance of each estimate represents the 
difference in the magnitude of the photomineralization yield spectra between each permafrost DOC and 
the DOC from each of three arctic surface waters (Cory et al., 2014).  When reporting the results of these 
calculations, we assumed that all controls on DOC photomineralization aside from the φPM,λ spectrum 
remain the same as previously described; i.e., DOC photomineralization will remain light-limited (Cory et 
al., 2015) and independent of rates of water column mixing (Li et al., 2019), and that any DOC 
photomineralized to CO2 is rapidly replenished by new DOC exported from the riparian zone (Merck et 
al., 2012; Neilson et al., 2018).   
1.5  Daily photon flux spectra reaching the Toolik Lake Field Station 
Daily downward photon flux spectra were generated from 15 May to 1 Oct for 2012, 2015, 2016, 
2017, and 2018 as previously described (Cory et al., 2014).  Briefly, direct measurements of UV and 
photosynthetically active radiation (PAR) at the Toolik Lake Field Station (68.62° N, 149.29° W) were 
apportioned to a modeled solar spectrum and separated into direct and diffuse spectra.  Wavelength-
dependent correction factors were then applied to those spectra to account for atmospheric turbidity and 
Rayleigh scattering.  The global photon flux spectra (mol photon m-2 s-1 nm-1) were calculated as the sum 
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of the corrected direct and diffuse photon flux spectra multiplied by the duration of time between 
consecutive UV and PAR measurements (5 minutes and hourly, respectively).  Daily downward photon 
flux spectra were calculated as the sum of photon flux spectra for each time interval during each day (mol 
photon m-2 d-1 nm-1).   
Daily photon flux spectra were summed from 280 to 400 nm and 401 to 700 nm to calculate daily 
UV and PAR photon doses, respectively.  Total summertime UV and PAR photon doses were then 
calculated as the sum of daily UV and PAR photon doses from 15 May to 1 Oct for each year (Table S5).  
There was on average 11-fold more visible light than UV light reaching the Toolik Lake Field Station for 
the 2012, 2015, 2016, and 2017 summer seasons (Table S5).   
1.6  Photochemical changes in DOC composition   
Permafrost soils collected in 2013 and 2015 were used to evaluate changes in DOC chemical 
composition by 13C-NMR following light exposure and to quantify φPM,λ (Figure S1).  Sampling and 
preparation of the permafrost leachates from soils collected in 2013 and 2015 were previously described 
(Ward & Cory, 2015; Ward et al., 2017) and similar to the methods described above for soils collected in 
2018.  All information on samples collected in 2013 were previously published (Ward & Cory, 2015).  
Here we describe methods used in this study to quantify photochemical changes in DOC chemical 
composition and the φPM,λ for DOC leached from permafrost soils collected in 2015.   
Each permafrost leachate was exposed to 18 hours of simulated sunlight at 20 °C (Atlas Suntest 
XLS+) in Whirl-Pak bags (Nasco, Inc.) alongside dark controls (Figure S1).  Dissolved organic matter in 
the light-exposed and dark control waters was isolated by solid-phase extraction, freeze-dried, and 
analyzed by solid-state 13C-NMR as previously described (Ward & Cory, 2015, 2016).  The percentages 
of aromatic and carboxyl C within the DOC pool (Cory et al., 2007) are reported as the average ± 1 SE of 
the experimental replicate leachates (n = 2), except for Toolik moist acidic tundra, which did not have an 
experimental replicate (Table S7).  The percent loss of carboxyl C was calculated as previously described 
(Ward & Cory, 2016) and reported as the average ± 1 SE of the experimental replicate leachates (n = 2; 
Figure S2).   
From these same broadband light exposure experiments used to determine changes in DOC 
composition by 13C-NMR, we determined φPM,λ by measuring DIC and CDOM in triplicate gas-tight, 
precombusted 12 mL borosilicate exetainer vials (450 °C; 4 hrs; Labco, Inc.) alongside dark controls 
(Table S3, Figure S1; Cory et al., 2014).  The solar irradiance spectrum (W m-2 nm-1) was measured in 
duplicate at the surface of the Suntest XLS+ with a radiometer over wavelengths from 280 to 700 nm 
(USB4000 Spectrometer, Ocean Optics).  The amount of light absorbed by CDOM (mol photon m-2 nm-1) 
was calculated as previously described (Cory et al., 2014).  φPM,λ was calculated as the light minus dark 
difference in DIC concentration divided by the light absorbed by CDOM during the light exposure period, 
assuming the φPM,λ spectrum decreased exponentially with increasing wavelength (Cory et al., 2014).  The 
φPM,λ for each permafrost leachate is reported as the average ± 1 SE of replicate experiments (n = 2; 
Figure 1b), except for Toolik moist acidic tundra, which only had one experiment conducted.  
1.7  Statistical analyses   
Statistical tests were used to determine whether light exposure of permafrost DOC resulted in 
significant changes in DOC concentration and chemical composition, and whether light minus dark 
differences in DOC concentration and chemical composition changed significantly as a function of light 
wavelength or dissolved iron concentration.  Two-tailed, paired t-tests were conducted to determine 
significant differences in DIC concentrations, dissolved oxygen (O2) concentrations, ∆14C and δ13C of 
DIC, and percentages of carboxyl C within DOC in the light-exposed versus dark control leachates.  
Statistical significance was defined as p < 0.05.  T-tests were used to determine whether the slopes and 
intercepts of each regression in Figures 1, 2, S2, S4, and S6 were significantly different from zero.  T-
tests were used to determine whether the slopes and intercepts of least-squares regressions between 
cation, DOC composition, or φPM,λ data were significantly different from zero (see Supporting Text).  The 
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open symbols for Toolik moist acidic tundra permafrost DOC in Figures 1b and S2 were identified as 
outliers because the value for this permafrost DOC was more than ± 5 standard deviations from the slope 
of the least-squares regression (see Supporting Text).   
Statistical analyses were conducted to determine whether the φPM,λ and φPO,λ spectral slopes of 
permafrost and surface water DOC were significantly different from one another.  Two-tailed, unpaired t-
tests or analysis of variance were used to determine significant differences between the slopes of the φPM,λ 
or φPO,λ spectra among permafrost DOC in Figures 1a or S6, and between permafrost and surface water 
DOC in Figures 1a and S5. 
Supporting Text  
2.1  Total dissolved iron concentrations   
There was a significant, positive linear relationship between the total dissolved iron concentration 
quantified using the Ferrozine method (Stookey, 1970) versus by ICP-MS (Linge & Jarvis, 2009) for 
permafrost leachates prepared from soils collected in 2018 (t-statistic = 57.4, p < 0.001; Table S6).  
Because the Ferrozine method was used to quantify total dissolved iron in all permafrost leachates in this 
study (prepared from soils collected in 2013, 2015, and 2018), we report the results from this method in 
Figures 1b and S2.  
2.2  Lability of permafrost DOC to photomineralization   
There were significant, positive linear relationships between the φPM,λ for permafrost DOC at 278, 
309, 348, and 406 nm (in Figure 1a) versus the total dissolved iron concentration in permafrost leachates 
prior to light exposure (p < 0.05; quantified either using the Ferrozine method or by ICP-MS; Stookey, 
1970; Linge & Jarvis, 2009).  In contrast, there were no significant correlations of the φPM,λ at any 
wavelength (Figure 1a) with concentrations of other dissolved cations in the permafrost leachates (Na, Ca, 
K, Mg, Ba, Mn, Zn, Al, or Si as quantified by ICP-MS; Table S6; Linge & Jarvis, 2009).  There were no 
significant correlations of the φPM,λ at any wavelength (Figure 1a) with any proxy for the aromatic content 
of DOC (e.g., a305, SUVA254, or the fluorescence index) or a proxy for the average molecular weight of 
DOC (SR; Table S6).   
Photomineralization yields at 309 nm (φPM,309) for permafrost DOC exposed to either broadband 
light or a ≥ 100 mW, narrow-banded (± 10 nm) LED were significantly, positively correlated with total 
dissolved iron concentration in the permafrost leachates prior to light exposure (t-statistic = 8.2 or 5.0, 
respectively; p < 0.05; Figure 1b).  There were no significant correlations of these φPM,309 values (Figure 
1b) with any proxy for DOC chemical composition, such as a305, SUVA254, SR, or fluorescence index 
(Tables S6, S7).  There were no significant correlations of φPM,309 obtained from exposure of permafrost 
DOC to broadband light (Figure 1b) with the % of aromatic or carboxyl C in the initial permafrost DOC 
quantified by 13C-NMR (Table S7).   
 The Toolik moist acidic tundra permafrost leachate that was exposed to broadband light (Figure 
S1) was an outlier in the relationships shown in Figures 1b and S2.  In Figure 1b, Toolik moist acidic 
tundra permafrost DOC showed a significantly lower φPM,309 than expected based on the initial iron 
concentration in the leachate (open red symbol).  A lower photomineralization yield than expected may be 
due to the 2.6-fold higher light absorption of this permafrost DOC compared to the average amount of 
light absorbed by CDOM in the other permafrost leachates shown in Figure 1b (Table S3).  As photon 
dose increases, the most photo-labile components of the DOC pool are consumed or altered, leaving 
behind less labile moieties with a lower capacity to form CO2 per mol photon absorbed by DOC (Miller & 
Zepp, 1995).  It is likely that most of the CO2 was produced from Toolik moist acidic tundra permafrost 
DOC after relatively less light was absorbed by CDOM (i.e., after a shorter light exposure time).  As 
CDOM continued to absorb light over the course of the experiment, less and less CO2 was produced.  
Assuming that was the case, then φPM,309 is lower than expected based on the amount of iron present 
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initially because it was calculated as the amount of CO2 produced divided by more photons than were 
needed to produce that CO2.   
 The relatively higher amount of light absorbed by CDOM in the Toolik moist acidic tundra 
permafrost leachate (Table S3) is consistent with this permafrost DOC as an outlier in Figure S2, showing 
no detectable loss of carboxyl C despite having the highest total dissolved iron concentration.  
Photodegradation of DOC is thought to both produce and remove carboxyl C (Xie et al., 2004).  Thus, no 
detectable loss of carboxyl C after exposure to a relatively higher photon dose compared to the other 
permafrost DOC samples may be due to concurrent photochemical production and loss of carboxyl C, 
such that production of carboxyl C masks the loss of labile carboxyl C from photo-decarboxylation (Xie 
et al., 2004).   
Photomineralization rates averaged across all sites (lake and river) increased by 7 ± 3% (10% 
permafrost DOC addition) to 52 ± 20% (75% permafrost DOC addition, compared to no permafrost DOC 
in the DOC pool; ± 1 SE; n = 15; Figure 3b).  For only lakes, the photomineralization rates increased by 
94.5 ± 45% at 75% permafrost DOC addition (average ± 1 SE; n = 5; Figure 3b).  The increase in 
photomineralization rates as permafrost DOC is exported to surface waters is due to significantly 
shallower spectral slopes directly measured in this study using LEDs compared to those quantified 
indirectly for arctic surface water DOC (two-tailed, unpaired t-test; p < 0.001; Figure S5).  A shallower 
spectral slope for permafrost compared to surface water DOC indicates relatively lower lability to 
photomineralization at UV wavelengths and higher lability at visible wavelengths (different at 95% 
confidence interval; Figure S5).  For example, higher lability of Imnavait moist acidic tundra permafrost 
DOC at visible wavelengths increased photomineralization rates in sunlit waters by nearly two-fold (6 ± 
0.7 mmol CO2 m-2 d-1 for Imnavait Creek DOC versus 10 ± 0.1 mmol CO2 m-2 d-1 for Imnavait moist 
acidic tundra permafrost DOC; average ± 1 SE; n = 5 and 4, respectively; Figure 3a).   
2.3  Photochemical production of 13C-depleted CO2   
Photochemical production of 13C-depleted CO2 (Figure S4) was interpreted as the preferential 
photomineralization of DOC compounds that were 13C-depleted.  An alternative explanation is that 
photochemical isotope fractionation is taking place and resulting in an offset of the δ13C of CO2 relative to 
the δ13C of initial DOC.  Such fractionation has been reported for organic pollutants (Ratti et al., 2015; 
Willach et al., 2018), but not for DOC.  However, there is no current method to our knowledge to 
determine the effect of δ13C source versus fractionation on the net offset of the δ13C of CO2 relative to the 
δ13C of initial DOC.  Given that lignin and tannin are commonly more depleted in 13C compared to other 
fractions of DOC (Benner et al., 1987; Bertoldi et al., 2014), and lignin and tannin are preferentially 
removed during light exposure of permafrost DOC (Ward & Cory, 2016; Ward et al., 2017), the most 
robust and simple interpretation is that 13C-depleted DOC is photomineralized.   
Together our results strongly suggest that iron catalyzes the oxidation of carboxylic acids 
attached to organic matter derived from lignin and tannin (Figures 1b, S2, S3, and S4).  Given the 
evidence for iron-catalyzed photo-decarboxylation, we suggest that iron was likely closely associated 
(i.e., complexed) with the carboxylic acids that were photomineralized to CO2 (Fujii et al., 2014).   
2.4  Comparative photochemical strengthening of arctic amplification   
Determining the relative importance of photochemical conversion of permafrost C to CO2 
compared to net ecosystem storage (gain or loss) of C depends in part on the variability of model-
predicted storage.  As the net ecosystem storage term approaches zero, the photochemical term, which is 
always a loss of C to the atmosphere, will increase in importance.  This is analogous to the current 
situation for the arctic terrestrial C balance, where aquatic losses of CO2 to the atmosphere can be ~40-
100% of net ecosystem exchange depending on the net terrestrial balance in any one year (Kling et al., 
1991; McGuire et al., 2009).  That is, for either the current arctic C balance or predicted C balance given 
permafrost degradation, if the estimated or predicted net ecosystem C storage is zero then up to 100% of 
C loss to the atmosphere comes from photomineralization in surface waters.  To estimate the probability 
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that model predictions in McGuire et al. (2018) fell within any given range, say -100 to +100 Pg C 
storage, we fit the data from McGuire et al. Figure 3 to a normal distribution.  This fitting included results 
from all five models used at both scenarios (RCP4.5 and RCP8.5) and both time points (2100 and 2299).  
For the RCP8.5 scenario at 2299, there was a cumulative probability of 0.40 (40%) that the average model 
predictions fell between -200 (loss to atm) to +200 Pg C (gain to land), and a 20% probability that the 
model predictions fell between -100 to +100 Pg C.  The probabilities (percentages) that all other 
combinations of scenarios and time points (RCP4.5, RCP8.5, 2100, 2299) had model predictions between 
-100 to +100 Pg C ranged from 57% to 74%. 
DOC from permafrost is more labile to photomineralization than DOC from currently thawed 
soils (Figures 3a, S5; Section 2.2 above).  We calculated the impact of this lability on future rates of 
photomineralization assuming that from 2010 to 2299 75% of the DOC in surface waters was leached 
from thawed permafrost soils (Figure 3b), and we used the area of permafrost lost by 2299 in the RCP8.5 
scenario from McGuire et al. (2018).  For this area of permafrost lost we assumed a surface water fraction 
of 6% (Cooley et al., 2019; S. Cooley, X. Yang, T. Pavelsky personal communication).  We used a rate of 
surface water photomineralization corresponding to the Toolik Lake value when 75% of the DOC is from 
permafrost of 39 g C m-2 y-1, which is 94.5% higher (Figure 3b) than the 20 g C m-2 y-1 
photomineralization reported in Cory et al. (2014).  This rate applied to the area of surface water in the 
area thawed by permafrost results in ~9 Pg C photomineralized to CO2. 
As described in Plaza et al. (2019), potentially more than half of the C loss from thawing 
permafrost soils could be in lateral water flow rather than directly to the atmosphere.  That means of the 
208 Pg C predicted average ecosystem loss from thawing permafrost by 2299 (RCP8.5; McGuire et al., 
2018), another ~100 Pg C may move from thawing permafrost soils to surface waters.  We assume that 
this 100 Pg C exported from permafrost soils to surface waters in headwater catchments is primarily DOC 
(Judd & Kling, 2002; Kling et al., 2014).  To calculate the amount of this C that could be 
photomineralized, we used the ratio of DOC exported from the Kuparuk River basin each year (McGuire 
et al., 2009) to the photomineralization of DOC in the Kuparuk basin per year (Cory et al., 2014).  This 
ratio shows that ~ 11% of the C moved from land to surface waters would be photomineralized using the 
photomineralization rate of 20 g C m-2 y-1, and if the higher rate for permafrost DOC of 39 g C m-2 y-1 is 
used, then ~ 21% or 21 Pg of the 100 Pg C from land could be mineralized in surface waters.  Combining 
the photomineralization of ~ 9 Pg C with the additional photomineralization of 21 Pg C from the lateral 
loss of C gives a value of 30 Pg C from photomineralization, or ~14% of the 208 Pg C lost from 
permafrost by 2299 (McGuire et al., 2018).   
These predictions are likely conservative for several reasons.  First, we are not including the 
photo-stimulated respiration of bacteria that is at least an additional 20% CO2 produced in surface waters 
(Cory et al., 2013, 2014).  Second, we are using ecosystem C losses and not soil C losses (which are 
higher; McGuire et al., 2018) to estimate the lateral hydrologic loss.  Third, we are not considering the 
photodegradation of permafrost-derived DOC and particulate organic carbon laterally transported to 
surface waters during thermo-erosional failures (Cory et al., 2013; Turetsky et al., 2019).  Fourth, we are 
not accounting for earlier ice-off on lakes that would increase the time of open water and thus the annual 
surface water photomineralization of DOC (Šmejkalová et al., 2016).  Finally, we are not accounting for 















Figure S1.  Experimental design for the light exposure experiments of permafrost DOC.  Permafrost soils 
were collected at six different sites from two dominant vegetation types of the low Arctic and three 
glacial surfaces (Mull & Adams, 1989; Walker et al., 2005; Hobbie & Kling, 2014) on the dates indicated 
in the figure.  One or two permafrost leachates were prepared from each permafrost soil.  The 
concentration of total dissolved iron was measured in each permafrost leachate prior to light exposure 
following Stookey (1970).  Each permafrost leachate was exposed to either high-powered (≥ 100 mW), 
narrow-banded (± 10 nm) LEDs (at 278, 309, 348, 369, or 406 nm) or broadband light (280 – 700 nm; 
Tables S3, S4).  Details from the light exposure of DOC leached from Imnavait moist acidic tundra 





Figure S2.  Photochemical degradation of carboxyl C increased with increasing dissolved iron.  
Percentage of carboxyl C degraded after exposure of permafrost DOC to broadband light relative to dark 
controls (quantified by 13C-NMR) versus the total dissolved iron concentration in permafrost leachates 
prior to light exposure.  Data were fit using a least-squares regression where R2 = 0.98, t-statistic = 9.4, p 
< 0.05, excluding the red symbol (see Supporting Text).  Data for Imnavait moist acidic tundra permafrost 
DOC were previously reported (Ward & Cory, 2016).  All values on the x-axis are shown as the average 
± 1 standard error of replicate permafrost leachates (n = 2, except Imnavait moist acidic tundra, which had 
n = 3).  All values on the y-axis are shown as the average ± 1 standard error of replicate experiments (n = 
2), except Toolik moist acidic tundra and Imnavait moist acidic tundra, which only had one experiment 






Figure S3.  Apparent quantum yields for photomineralization and photo-oxidation of permafrost DOC.  
Apparent quantum yield (lability) for photomineralization (φPM,λ) versus the apparent quantum yield 
(lability) for photo-oxidation (φPO,λ) at UV (309 nm, diamond symbols) and visible (406 nm, square 
symbols) light plotted with the 1:1 line (dashed).  Open symbols indicate the permafrost leachate with < 1 
µM total dissolved iron.  All values are shown as the average ± 1 standard error of experimental replicate 
























Figure S4.  Photochemical production of 13C-depleted CO2 increased with the extent of photo-
decarboxylation.  δ13C-CO2 produced from photomineralization of permafrost DOC minus the δ13C of 
initial, bulk DOC plotted versus the molar ratio of photochemical CO2 production per O2 consumed by 
permafrost DOC at UV (309 nm, diamond symbols) and visible (406 nm, square symbols) wavelengths of 
light.  The molar ratio of photochemical CO2 production to O2 consumption is a proxy for the extent of 
photo-decarboxylation.  Data were fit with a least-squares exponential model where R2 = 0.65, t-statistic = 
3.4, p < 0.05.  Values on the x- and y-axes are shown as the average ± 1 standard error of experimental 





Figure S5.  Photomineralization yield spectra for permafrost DOC were significantly shallower than for 
surface water DOC.  Average wavelength-dependent apparent quantum yields (lability) for 
photomineralization (φPM,λ) of DOC in arctic surface waters compared to permafrost DOC measured in 
this study (Figure 1a).  Data are plotted on the y-axis as log10 values of φPM,λ.  Solid lines show the 
average φPM,λ spectrum and the similar color shading shows the upper and lower 95% confidence 
intervals.  φPM,λ spectra were previously reported for DOC in Imnavait Creek, Kuparuk River, and Toolik 
Lake assuming an exponentially decaying spectrum (Cory et al., 2014).  The φPM,λ spectral slopes directly 
measured for permafrost DOC in this study (-0.005 ± 0.0004 log10(mmol CO2) mol photon-1 nm-1; average 
± 1 SE; n = 5) were significantly shallower than those previously estimated indirectly for surface water 
DOC (-0.009 ± 0.0002 log10(mmol CO2) mol photon-1 nm-1; average ± 1 SE; n = 3; two-tailed, unpaired t-





Figure S6.  Wavelength-dependent apparent quantum yield (lability) for photo-oxidation (φPO,λ) of 
permafrost DOC.  Each data series was fit to an exponential model using a least-squares regression where 
R2 > 0.93, p < 0.05.  All values are shown as the average ± 1 standard error of experimental replicate vials 

















Figure S7.  Sunlight and iron convert millennia-aged permafrost dissolved organic carbon to carbon 





























Table S1.  Date, location, and depth of permafrost soil collection.  Permafrost soils were collected on three glacial surfaces and from the two 
dominant vegetation types of the low Arctic (upland moist acidic tussock tundra and lowland wet sedge tundra; Mull & Adams, 1989; Walker et 





(k a BP) Glaciation 
Date of soil 
collection Latitude Longitude 






Toolik moist acidic tundra 14 Itkillik I 13 Jul 2015 68°37’46.97"N 149°34’49.29"W 95 – 110 -- 
   17 Jul 2018 68°37’16.18"N 149°36’54.17"W 75 – 90 24 
Imnavait moist acidic tundra 250 Sagavanirktok 8 Jul 2013 68°36’51.86"N 149°18’30.87"W 90 – 105 20 
   8 Jul 2013 68°36’51.86"N 149°18’30.87"W 90 – 105 17 
   8 Jul 2013 68°36’51.86"N 149°18’30.87"W 90 – 105 21 
   10 Jul 2018 68°36’35.36"N 149°18’29.80"W 70 – 85 15 
Imnavait wet sedge tundra 250 Sagavanirktok 22 Jul 2015 68°36’33.89"N 149°18’52.58"W 90 – 130 -- 
   19 Jul 2018 68°36’31.90"N 149°18’47.90"W 100 – 130 50 
Sagwon wet sedge tundra > 2,500 Gunsight Mountain 20 Jul 2018 69°20’38.66"N 148°45’21.87"W 60 – 80 25 
Sagwon moist acidic tundra > 2,500 Gunsight Mountain 4 Aug 2015 69°25’28.70"N 148°41’39.05"W 90 – 100 -- 
   18 Jul 2018 69°20’36.81"N 148°45’31.75"W 75 – 90 40 
Sagwon non-acidic tundra > 2,500 Gunsight Mountain 4 Aug 2015 69°26’52.77"N 148°36’42.21"W 90 – 100 -- 
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Table S2.  Accession numbers for the permafrost leachates analyzed for carbon isotopes of DOC or DIC 
at the National Ocean Sciences Accelerator Mass Spectrometry facility.  Permafrost leachates were 
prepared from soils collected in 2018 and the initial, bulk DOC was analyzed for 14C and 13C.  DOC 
leached from the Toolik moist acidic tundra permafrost soil was analyzed in duplicate.  Permafrost 
leachates were exposed to ≥ 100 mW narrow-banded (± 10 nm) LEDs at either 309 or 406 nm alongside 
one or two dark controls, and then the DIC in those waters was analyzed for 14C and 13C.  Exposure of the 
Toolik moist acidic and Sagwon wet sedge tundra permafrost leachates to LEDs at 309 and 406 nm took 
place on separate days. 
 
Accession # Permafrost soil 
DOC or DIC analyzed 
for 14C and 13C 
Light exposure 
experiment # Treatment 
OS-146256 Sagwon wet sedge tundra DOC N/A N/A 
OS-146257 Sagwon moist acidic tundra DOC N/A N/A 
OS-147265 Toolik moist acidic tundra DOC N/A N/A 
OS-147266 Toolik moist acidic tundra DOC N/A N/A 
OS-147267 Imnavait moist acidic tundra DOC N/A N/A 
OS-147268 Imnavait wet sedge tundra DOC N/A N/A 
OS-147595 Toolik moist acidic tundra DIC 1 Dark control 
OS-147596 Toolik moist acidic tundra DIC 1 Dark control 
OS-147597 Toolik moist acidic tundra DIC 1 LED-exposed, 309 nm 
OS-147598 Imnavait moist acidic tundra DIC 2 Dark control 
OS-147599 Imnavait moist acidic tundra DIC 2 Dark control 
OS-147600 Imnavait moist acidic tundra DIC 2 LED-exposed, 309 nm 
OS-147601 Imnavait moist acidic tundra DIC 2 LED-exposed, 406 nm 
OS-147602 Imnavait wet sedge tundra DIC 3 Dark control 
OS-147603 Imnavait wet sedge tundra DIC 3 Dark control 
OS-147604 Imnavait wet sedge tundra DIC 3 LED-exposed, 309 nm 
OS-147605 Imnavait wet sedge tundra DIC 3 LED-exposed, 406 nm 
OS-147606 Sagwon wet sedge tundra DIC 4 Dark control 
OS-147607 Sagwon wet sedge tundra DIC 4 Dark control 
OS-147608 Sagwon wet sedge tundra DIC 4 LED-exposed, 309 nm 
OS-147655 Toolik moist acidic tundra DIC 5 Dark control 
OS-147656 Toolik moist acidic tundra DIC 5 LED-exposed, 406 nm 
OS-147941 Sagwon wet sedge tundra DIC 6 Dark control 






Table S3.  Summary of the light exposure time, photon dose, and amount of light absorbed by CDOM 
during the light exposure experiments to quantify photomineralization yields of permafrost DOC at 309 
nm.  DOC leached from permafrost soils was exposed to ≥ 100 mW, narrow-banded (± 10 nm) LEDs at 
309 nm, simulated sunlight (Atlas Suntest XLS+), or natural sunlight.  Details from the natural sunlight 
exposure of Imnavait moist acidic tundra permafrost DOC were previously reported (Ward & Cory, 
2016).  Light absorption by CDOM is reported as the average ± 1 standard error of replicate experiments 
with the permafrost leachates (n = 2, except Imnavait moist acidic tundra, which had n = 3). 
 
Permafrost leachate Light source 
Light exposure 
time (hr) 
Photon dose  
(mol photon m-2) 
Light absorbed by 
CDOM 
(mol photon m-2) 
Toolik moist acidic tundra LED 12 2.42 2.35 
 
Suntest XLS+ 18 73.3 7.46 
Imnavait moist acidic tundra LED 12 2.83 2.53 
 
Natural sunlight 16 52.0 0.87 ± 0.12 
Imnavait wet sedge tundra LED 12 2.70 2.52 
 
Suntest XLS+ 18 73.3 5.03 ± 0.26 
Sagwon wet sedge tundra LED 12 2.66 2.38 
Sagwon moist acidic tundra LED 30 6.81 3.65 
 
Suntest XLS+ 18 73.3 1.61 ± 0.11 

























Table S4.  Concentrations, Δ14C, and δ13C of DIC in the light-exposed and dark control permafrost leachates following exposure to ≥ 100 mW 
narrow-banded (± 10 nm) LEDs at 309 or 406 nm.  Dark control water values are reported as the average ± 1 standard error of replicate flasks (n = 
2).  For the Imnavait moist acidic and wet sedge tundra permafrost leachates, the dark controls were the same for the LED exposures at 309 and 





















Toolik moist acidic tundra 309 8 61 ± 2 – 245 ± 1 – 6.0 ± 0.1 161 – 395 – 21.0 
 406 10 41 – 189 – 9.6 113 – 391 – 22.5 
Imnavait moist acidic tundra 309 14 45 ± 2 – 159 ± 2 – 9.8 ± 0.1 118 – 348 – 22.9 
 406 14 45 ± 2 – 159 ± 2 – 9.8 ± 0.1 111 – 335 – 20.8 
Imnavait wet sedge tundra 309 24 227 ± 4 – 406 ± 3 5.8 ± 0.1 325 – 448 – 5.4 
 406 24 227 ± 4 – 406 ± 3 5.8 ± 0.1 307 – 440 – 3.2 
Sagwon wet sedge tundra 309 20 177 ± 1 – 235 ± 1 – 1.0 ± 0.1 232 – 273 – 9.1 




Table S5.  Total summertime UV and visible photon doses at the Toolik Lake Field Station from 15 May to 1 October for 2012, 2015, 2016, and 
2017.    
 
 
Total summertime photon dose  
(mol photon m-2) 
Year 
UV 
280 – 400 nm 
Visible 
401 – 700 nm 
2012 359 3,501 
2015 365 3,907 
2016 289 2,839 
2017 566 7,062 
 
 21 
Table S6.  Leaching conditions and chemical attributes of the permafrost leachates prepared from soils collected in 2018.  Two different 
permafrost leachates were prepared from each permafrost soil to achieve objectives (i) and (ii) of this study (see Supporting Methods).  The 
exception was Sagwon moist acidic tundra permafrost soil, which was not used for study objective (ii).
 
Objective: (i) Characterize the photomineralization yield spectra for permafrost DOC  
(ii) Quantify the 14C and 13C compositions of CO2 





























Frozen soil weight (g) 800 812 803 800 803  2,292 3,261 1,448 2,391 
Thaw time (hr) 13 12.5 18 13 12.5  12.5 12.5 19.5 12.5 
DOC leaching rate  
(µmol C g-soil-1 d-1) 15.2 3.9 9.4 6.4 4.6  12.7 2.1 10.5 4.1 
pH 6.5 5.8 7.0 6.5 8.0  5.8 6.0 7.0 7.2 
Specific conductivity 
(µS cm-1) 17 9 28 18 146  29 12 51 34 
Total Fea (µM) 15.7 9.8 4.7 1.9 ND  30.0 31.0 8.8 1.7 
Fe(II)a (µM) 8.4 5.6 ND ND ND  17.6 23.7 1.3 ND 
Total Feb  
(µM) 17.3 11.6 4.8 1.4 0.2   31.8 32.2 9.7 2.1 
Total Mnb (µM) 0.3 0.1 0.1 0.5 0.4   0.7 0.3 0.2 0.8 
DOC (µM) 2,435 643 1,520 1,019 718  5,820 1,340 3,017 1,931 
a305 (m-1) 39 21 30 24 10  70 46 52 42 
SUVA254 (L mg-1 C m-1) 1.13 2.17 1.47 1.63 1.16  0.87 2.28 1.25 1.56 
SR (unitless) 0.87 0.92 1.09 0.94 1.00  0.88 0.81 0.94 0.93 
Fluorescence index  
(unitless) 1.68 1.49 1.63 1.58 1.73  1.73 1.61 1.63 1.72 
aQuantified using the colorometric Ferrozine method (Stookey, 1970). 
bQuantified using inductively coupled plasma mass spectrometry (Linge & Jarvis, 2009). 
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Table S7.  Chemical attributes of permafrost leachates prepared from soils collected in 2013 and 2015.  
All values are reported as the average ± 1 standard error of replicate experiments (n = 2, except Imnavait 
moist acidic tundra, which had n = 3, and Toolik moist acidic tundra, which did not have an experimental 
replicate).  The pH, specific conductivity, DOC, and SUVA254 for these permafrost leachates were 
previously reported (Ward & Cory, 2015; Ward et al., 2017).  Dissolved Fe(II) was not measured for the 













pH 7.0 5.8 ± 0.1 5.5 ± 0.1 7.7 ± 0.1 7.3 ± 0.1 
Specific conductivity 
(µS cm-1) 30 9 ± 1 15 ± 1 177 ± 1 133 ± 3 
Total Fe (µM) 37.8 23.1 ± 0.9 10.1 ± 0.1 ND 2.6 ± 0.2 
Fe(II) (µM) 20.8 -- 3.2 ± 0.5 ND ND 
DOC (µM) 2,356 998 ± 18 1,595 ± 20 2,077 ± 29 1,550 ± 68 
a305 (m-1) 66 17 ± 3 55 ± 3 32 ± 1 63 ± 1 
SUVA254 (L mg-1 C m-1) 1.92 1.23 ± 0.15 2.27 ± 0.07 1.32 ± 0.01 2.91 ± 0.12 
SR (unitless) 0.85 0.96 ± 0.04 0.85 ± 0.01 0.88 ± 0.01 0.96 ± 0.1 
Fluorescence index 
(unitless) 1.66 1.55 ± 0.01 1.53 ± 0.01 1.79 ± 0.01 1.61 ± 0.01 
Aromatic C (%) 13 12 19 ± 1 11 ± 1 21 ± 1 
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